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Transportation of ions and neutrons in matter is of direct interest in several
technologically important and scientific areas, including space radiation, cosmic ray
propagation studies in galactic medium, nuclear power plants and radiological effects that
impact industrial and public health. For the proper assessment of radiation exposure, both
reliable transport codes and accurate data are needed. Nuclear cross section data is one of
the essential inputs into the transport codes. In order to obtain an accurate parametrization
of cross section data, theoretical input is indispensable especially for processes where there
is little or no experimental data available.

In this grant period work has been done on the studies of the use of relativistic
equations and their one-body limits. The results will be useful in choosing appropriate
effective one-body equation for reaction calculations. Work has also been done to improve
upon the data base needed for the transport codes used in the studies of radiation transport
and shielding for space exploration and high speed flight transportation. A
phenomenological model was developed for the total absorption cross sections valid for
any system of charged and/or uncharged collision pairs for the entire energy range. The
success of the model is gratifying. It is being used by other federal agencies, national labs
and universities. A list of publications based on the work during the grant period is given
below and copies are enclosed with this report.

(1).

(2)

(3)

(4)

One-Body Limits of Two-Body Relativistic Equations,
in "Quark Confinement and the Hadron Spectrum II", page 380, World
Scientific, Edt. N. Brambilla and G. M. Prosperi. 1996

Universal parametrization of absorption cross sections, NASA TP 3621

Accurate universal parametrization of absorption cross section,
Nucl. Instr. Meth. Phys. Res. B 117 (1996)347.

Accurate universal parametrization of absorption cross section II,
Nucl. Instr. Meth. Phys. Res. B 129 (1997) 11.
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Abstract

We present a simple universal parameterization of total reaction cross sections for any system of colliding nuclei valid for

the entire energy range from a few A MeV to a few A GeV. The universal picture presented here treats the proton-nucleus

collision as a special case of the nucleus-nucleus collision, where the projectile has charge and mass number one. The

parameters are associated with the physics of the collision system. In general terms Coulomb interaction modifies cross

sections at lower energies and the effects of Pauli blocking are important at higher energies, The agreement between the

calculated and experimental data is better than all earlier punished results.

1. Introduction 2. Model description

The transportation of energetic ions in bulk matter is

of direct interest in several areas [ 1] including shielding

against ions originating from either space radiations or ter-

restrial accelerators, cosmic ray propagation studies in galac-

tic medium or radiobiological effects resulting from the work

place or clinical exposures. For carcinogenesis, terrestrial ra-

diation therapy, and radiobiological research, knowledge of

the beam composition and interactions is necessary to prop-

erly evaluate the effects on human and animal tissues. For

the proper assessment of radiation exposures both reliable

transport codes and accurate input parameters are needed.

One such important input is the total reaction cross sec-

tion, defined as the total minus the elastic cross sections for

two colliding ions:

o'R = O'T -- o'_1. ( 1)

In view of its importance the total reaction cross section has

been extensively studied both theoretically [ 1-14] and ex-

perimentally [ 15-20] for the past five decades. A detailed

list of references is given in Refs. [ 1,13,16 ]. Empirical pre-

scriptions have been developed [ 2-4,10,11,l 3 ] for the total

reaction cross sections working in various energy ranges and

combination of interacting ions. The present model works in

all energy ranges for any combination of interacting ions in-

cluding proton-nucleus collisions and is more accurate than

earlier reported empirical models,

*Corresponding author. Tel. +1 804 864 1467, fax +1 804 864 8094,
e-mail rkt@hesbl .larc.nasa.gov

The present model is an updated and revised version of

the empirical model developed at NASA Langley Research

Center and reported earlier [ 10]. Most of the empirical mod-

els approximate the total reaction cross section of the Bradt-
Peters form:

--. 2,_ a I/3 al/3 6)2o'a_,, = ,,-c) _.np + "x -- , (2)

where ro is energy independent and 6 is either an energy-

independent or energy dependent parameter, and Ap and AT

are the projectile and target mass numbers, respectively. This

form of parameterization works nicely for higher energies.

However, for lower energies Coulomb interaction becomes

important and modifies the reaction cross sections signif-

icantly. In addition, strong absorption models suggest an

energy dependence of the interaction radius. Incorporating
these effects, and other effects discussed later in the text, we

propose the following form for the reaction cross section:

2,_1I_ all3o'e=rrrotap +,,x +6E)2(1 -B/Ecru). (3)

We notice that the Coulomb interaction, where ro =

I.I fro, and &m is in MeV, modifies the cross sections at

lower energies and gets less important as the energy in-

creases (typically after several tens of A MeV). In Eq. (3)

B is the energy dependent Coulomb interaction barrier

(right hand factor in Eq. (3)), and is given by

B = 1.44ZpZT/R, (4)

where

nit 3 j._ AIt3_/L:'It 3
R=re+rr+l.2(, w --"v ,:_¢m, (5)

0168-583X/96/$15.00 Copyright (_ 1996 Elsevier Science B.V. All rights reserved
PII S01 68-583X( 96 )0033 I-X
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Fig. 1. Absorption cross ,sections for the proton-beryllium collision as a
function of proton kinetic energy. The solid line represents present model
and the experimental data are from Ref. 115].

with (i= P, T)

ri = 1.29(ri)_ms. (6)

There is an energy dependence in the reaction cross sec-

tion at intermediate and higher energies mainly due to two

effects - transparency and Pauli blocking. This is taken into

account in 8E, which is given by

6E = 1"85S + 0"16 EdS"_"/m"- CE + 0.91 (AT--ATAp2ZT)Zp (7)

where S is the mass asymmetry term and is given by

l/_ tt3 tt3 A_t3) (8)S=Ap A T /(Ap +

and is related to the volume overlap of the collision system.

The last term on the right hand side of Eq. (7) accounts for

the isotope dependence of the reaction cross section. The

term CE is related to the transparency and Pauli blocking

and is given by

p + 2713AI
1000

I 4" -- EMP (our)
80O

E_" 600 _Experiment

t_ 400

2o0

0 ....... J ......

10 100 1000

Energy (A MeV)

Fig, 2. Absorptioncross sections for the proton-aluminum collision as a
function of proton kinetic energy. The solid line represents the present
model and the experimental data are from Ref. [15].

This effect is new and has not been taken into account in

other empirical calculations. This helps present a universal

picture of the reaction cross sections.

At lower energies (below several tens of A MeV) where

the overlap of interacting nuclei is small (and where

Coulomb interaction modifies the reaction cross sections

significantly) the modifications of the cross sections due to

Pauli blocking are small, and gradually play an increasing

role as the energy increases, since this leads to higher den-

sities where Pauli blocking gets increasingly important. In-

terestingly enough for the proton-nucleus case, since there

is not much compression effect, a single constant value of

D = 2.05 gives very good results for all proton-nucleus

collisions. For alpha-nucleus collisions, where there is a

little compression, the best value of D is given by

D = 2.77 - 8.0 × 10-3AT + 1.8 X 10-SA2r

-0.8/( 1 + exp(250 - E)/75). (12)

CE = D ( 1 - exp( - E/40) ) - 0.292 exp( - E/792)

x cos(0.229E_t453). (9)

Here D is related to the density dependence of the colliding

system scaled with respect to the density of the C+C system,

i.e.:

D = 1.75(p,_p "q-Pa.r)/(PAc q- P&-), (10)

The density of a nucleus is calculated in the hard sphere

model [24], and for a nucleus of mass number Ai is given

Y

PA, = Ai/37"rr_, (1 1)

where the radius of the nucleus r_ is defined in Eq. (6)

with the root-mean-square radius, (r_)ms, obtained directly

from experiment [25]. There is interesting physics associ-
ated with the constant D. This in effect simulates the modi-

fications of the reaction cross sections due to Pauli blocking.

For lithium nuclei because of the "halos", compression is

less and hence the Pauli blocking effect is less important and

a reduced value of D/3 gives better results for the reaction

cross sections at the intermediate and higher energies.

There are no adjustable parameters in the model except

that for proton-nucleus collisions this method of calculat-

ing the Coulomb energy underestimates its value for the

very light closed shell nuclei of alpha and carbon, and these

should be increased by a factor of 27 and 3.5 respectively
for a better fit.

3. Results/conclusions

Typical results obtained from the model are shown in

Figs. 1 through 5. Agreement with experimental data is ex-

cellent and is better than all other empirical models reported

earlier. This is particularly important in view of the fact

that the agreement is excellent throughout the whole energy
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Fig. 3. Absorption cross sections for the alpha-carboncollision as a function

of incident ion kinetic energy. The solid line represents present model and

the experimental data are from Rely. [ 21.22 J.

range - up to a few A GeV. The model has been tested with

all the available data for projectiles proton through krypton

and targets alpha through bismuth for the energy range from

a few A MeV up to a few A GeV and is found to give excel-

lent results for all the systems throughout the energy range.

In view of the simplicity and accuracy of the model it is a

welcome improvement for transport calculations.

It will be interesting to see how the model compares with

the new experimental data as and when these become avail-

able.
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Abstract

A recent parameterization (here after referred as paper I, Ref. [4]) of absorption cross sections for any system of charged

ions collisions including proton -nucleus collisions, is extended for neutron-nucleus collisions valid from ~ 1 MeV to a

few GeV, thus providing a comprehensive picture of absorption cross sections for any system of collision pair (charged

and/or uncharged). The parameters are associated with the physics of the problem. At lower energies, the optical potential

at the surface is important and the Pauli operator plays an increasingly important role at intermediate energies. The

agreement between the calculated and experimental data is better than earlier published results.

1. Introduction

The transport of neutrons in matter is of direct interest

in several technologically important and scientific areas

[1-3] including space radiations, cosmic ray propagation

studies in galactic medium, nuclear power plants, radiobio-

logical effects impacting on industrial and public health.

For the proper assessment to radiation exposures both

reliable transport codes and accurate input data are needed.

An important ingredient of the input data is the total

absorption (reaction) cross section, defined as the total

minus the elastic cross sections for two colliding ions:

O" R = Cr T -- (Tel, ( 1)

Recently, we have developed a simple accurate formalism

(paper I and Ref. [5]) for the total absorption cross sections

for any system of charged colliding ions including protons.

The present work extends the formalism to neutron-nucleus

collisions, thus presenting a simple accurate comprehen-

sive formalism for the absorption cross sections for any

combination of colliding ions (charged and/or uncharged)

valid for the entire energy range. We have retained the

high energy features of the model [6] developed here at

NASA Langley Research Center (LaRC) where it is accu-

rate, and improved on its behavior at lower energies within

the universal formalism recently developed (paper I and

Ref. [5]). The other commonly used model [7] gives good

* Co_esponding author. Fax: + 1-804-864-8094; email:

rkt@hesb I.larc.nasa.gov

results for higher energies but shows increasingly larger

deviations from experiment for lower energies.

2. Model description

Most of the empirical models approximate total reac-

tion cross section for charged ion collisions of Bradt-Peters

form [8], but have very different form for the neutron-

nucleus collisions. We have maintained the uniform con-

sistent picture for all the systems proton-nucleus, nu-

cleus-nucleus, and now for the neutron-nucleus colli-

sions, and have written total reaction cross sections for

neutron-nucleus collisions also of the Bradt-Peters form:

o"R = rrr_o( A_p/3 + A!/3 - 5 )2, (2)

where r0 is energy independent and ,5 is either energy-in-

dependent or dependent parameter, and Ap and A-r are the

projectile and target mass numbers respectively.

It is well known that this type of parameterization is

suited for higher energies and is modified through Coulomb

interaction at lower energies (paper I and Ref. [5]) for the

charged ion collisions. For the neutron-nucleus collisions

there is no Coulomb interaction, but the total reaction cross

section, in this case, is modified by the strength of the

imaginary part of the optical potential at the surface. Since

we are using this form of parameterization for the neu-

tron-nucleus case for the first time (which helps to pro-

vide the unified consistent and accurate picture for the

total reaction cioss sections for any system of colliding

nuclei for the entire energy range), we introduce a low

0168-583X/97/S17.00 © 1997 Elsevier Science B.V. All rights reserved
PII S0168-583X(97)00121-3
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energy multiplier (X m) accounting for the strength of the

optical model interaction. In addition, the effects of the

transparency and Pauli blocking are taken into account

through the energy dependent parameter, 3 E, defined latter

in the text. We, therefore, propose the following similar

foma for the reaction cross sections for the neutron-

nucleus:

,_ = _,-,{(aT'+ A!,-__+ a,):Xm. (3)

'ahere % = I. I fro. The low energy multiplier X,,, is given

by

(i) For A T < 200

x,,, = 1- X_exp - X7_7 ' (4)

where St. = 0.6 for A. I < 12, S k = 1.6 for A f = 12, S L = I

otherwise with

X I =2.83- 3.1 × I0 2Ar+ 1.7X 10 aA_.. (5)

For the low energy, shell effects play an important role in

light nuclei and the optical potential at the surface ,,aries

differently with these effects showing variation ira S L.

(ii) For A l _> 200

X,,, = [1 0.3exp(- _)1[ l- exp(0.9- F)]. (6)

Tile effects of the energy dependence at intermediate

:rod higher energies due to Pauli blocking and transparency

are taken into account in _5_ , which is defined as,

,6v = 1.85S + 0.16S/E_.(, 3

- c_ + 0.91(A.,.- 2Z-r)Z_,/(,V,,A,,), (7)

,,,,'here S is the mass asymmetry term and is given by

A lff _A II _

s = _ (s)
Ali;'" + A .ti:"'

and is related to the volume overhtp of the collision

system. For the results reported here Ap = 1. The last term

on the right hand side of Eq. (7) accounts for the isotope

dependence of the reaction cross section. The term C v is

related to the transparency and Pauli blocking and is given

by

(_',_ = I)[1 - exp( -E/T, )] - 0.292 exp(-E/792)

× cos(0.229E°_;53), (9)

,,,,here "I'_ = 40 (except for I 1 < A f < 40 a value of 7"_ = 30

is recommended for a better fit). Here D is related to the

density dependence of the colliding system and the global

value is given by

O.538

G - (m)
" P-h, + P'_r

The density of a nucleus is calculated in the hard sphere

model, and for a nucleus A i is given by

4_r

PA, = Ai/-7- ri 3, ( I I )
3

where r i is the equivalent sphere radius and is related 1o

the r ...... i radius by

r, - 1.29r, ms. i, (12)

where r_,,,,._ values are taken from the experinaent [9].

There is interesting physics associated with the constam

D. This in effect simulates the modifications of the reac

lion cross sections due to Pauli blocking. This effect is

new and was introduced in our char,,ed_ particles reaction

cross section work (paper I), and is being used for the lirsl

time in neutron-nucleus work. This is an important physi-

cal ingredient of the model and helps present a unified

picture of the reaction cross sections for any system of

colliding particles.

Let us elaborate on the choice of D in Eq. (9). This has

contributions from the global characteristics of nuclei and

also takes into account the specific characteristics related

to their stability. The density of a nucleus is a very useful

global property'. We, therefore, associate the global xallt',c

l)_ to the nuclear densities (Eq. (11)) of the colliding

system. Consequentl.,,, for most syslcms, wie have:

D = I)_, ( 13 ) "

,,',,here 1)_ has been defined in Eq. (10). This value of D is

modified in certain groups of nuclei to account for their

special features in the following way:

The shell structure plays an important role in the size of

a light nucleus and hence its cross sections. These effects

are more prevalent upto double closed sd shell nuclei

(A <40) and manifest themselves as a tightly bound

nucleus arm also as isotopic effects. Hence for this gn._up

of nuclei, by taking into account these special character-

istics, the besl \alue of D is given by':

Fox A i -< 40

I)=l)_- 1.5(A I 2ZT)/A T

+ 0.25/{ J+ e_p[(E - n7o)/m0]}. (_4)

The second term on the RHS of Eq. (14) accounts for

the isotopic effects and the last energy dependent term

accounts for the shell effects upto doubly' closed sd shell

nuclei. For still heavier nuclei shell effects start becoming

less important but the isotopic effects persist on. We.

therefore, found better agreement using the following ex-

pression:

For 40 <_ A r < 60

D = l)._ - 1.5(A T - 2Zr)/A m. (15)

[:or e'_en higher nuclei ( A > 60) special characteristics

do not dominate the stability of a nucleus and the global _

value of ,') defined in Eq. (13) works well. Howe_er. fi;r
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n + 94Be
1000 ........ , ........... , ......

. *Experiment
800 -- LaRC

E_'¢ 600 ÷_.

400

2OO

10 100 1000 10 000

Energy (A MeV)

Fig. 1, Total absorption cross sections for n + _Be as a function of

neutron energy,

very heavy systems the Coulomb force becomes an impor-

tant effect and manifests itself as neutron excess (or proton

deficiency) for the stability of a nucleus. We found that it

is necessary to modify the global value of D (Eq. 13) for

nuclei heavier than lead to account for this effect. We

determine that the best value of D for, Z v > 82 is given

by

D = Dg - 7_T/( A T -- ZT). (16)

For any regions not covered by these special effects the

global value of D (Eq. (13)) gives good results.

3. Results/conclusions

Figs. 1-12 show the plot of the total absorption cross

sections for the neutron-nucleus collisions. We observe

that cross sections are never negative and are always

positive quantities, For a particuhtr system the energy at

which the cross section drops down to zero is the lowest

energy to which our model should be used. The data for

n + 126C

1000 .......... - ........ + .+ ...............Experiment

800 f ÷ Z _::; (Prior)

g ooo[............ ..........,e,awe,a,.
I, ;.............................

0/" • ./._ ......... !. ..........200 f _'\'../j _ =

1 10 100 1000 10 000

Energy (A MeV)

Fig. 2. Total absorption cross sections for n + _2C as a function of

neutron energy.

n + 2713AI
1500 , , ....... , ........ , ........

f * * Experiment
-- LaRC

1000 ..... LaRC (Prior)
/'_ ......... Letaw et al.

e_ /_ \

500

1 10 100 1000 10 000

Energy (A MeV)

Fig. 3. Total absorption cross sections for n + _3 AI as a function of

neutron energy.

higher energies (379-1731 MeV) has been taken from Ref.

[10], and for lower energies has been taken from the

compilations of ENDF/B-VI, and Refs. [1t, 12].The agree-

ment with experiment is excellent for all nuclei for the

n + 5626Fe
2000 .................

1500

J_

g lOOO

5OO

* * Experiment
-- LaRC

, . k .....

10 100 1000 10 000

Energy (A MeV)

%

Fig. 4. Total absorption cross sections for n + _, Fc as a function of

neutron energy.

n + 5928Ni
2000 ......... - ...... , ........ .....

1500

J_

g lOOO
KX;

po

50O

* * Experiment
-- LaRC

........ , ........ J

10 100 1000 10 000

Energy (A MeV)

Fig. 5. Total absorption Cross sections for n + 5sNi as a function of

neutron energy.
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n + 6329Cu
2000 ...................................

f * * Experiment
-- LaRC

+

1500 _ ..... LaRC (Prior)

._. ....... .,_ ..........Letaw et al.A --

500 "-

10 100 1000 10 000

Energy (A MeV)

Fig. 6. Total absorption cross sections for 6_n + 2bCu as a function

of neutron energy.

2500

2000

_" 1500

o 1000

5o0

0

n + 11950Sn

. * * Experiment

-- LaRC

10 100 1000 10 000

Energy (AMeV)

Fig. 9. Total absorption cross sections for n + _9Sn as a function

of neutron energy.

entire energy range. We have also compared (Figs. 2, 3, 6,

8, 10) present results with the two popular models: model

developed by Wilson et al. [6] here at the NASA Langley

Research Center (LaRC (Prior)), and that of Letaw et al.

2000 ........... n + 6530Zn

1500

A
J_

g 1000
n_

o

500

* + * Experiment

_ -- LaRC

/
....... L ........ , ...... ,,, ......

10 100 1000 10000

Energy(AMeV)

Fig. 7. Total absorption cross sections for n +_Zn as a function

of neutron energy.

[7] at the Naval Research Laboratory (NRL). We see from

the plots that both these models agree very well with

experiment at higher energies, however, there are depar-

4000 n + 20882Pb

I ............... *"+ ExPeH"ment

-- LaRC
__ ..... LaRC (Prior)

3000 .... L
_,............. _.-............. ' ......... etaw et al.

"_ _ : - ÷

1001

1 10 100 1000 10 000

Energy (A MeV)

Fig. 10. Total absorption cross sections for n + _sPb as a function

of neutron energy.

2500

2000

_" 1500
g
_: 1000

5O0

0

n + 10747Ag

* * Experiment
-- LaRC

+ _"*'_.. ".... LaRC (Prior)

./.. _*"._ ..........Letaw st a,.

.... lO ioo lOOO10o00
Energy (A MeV)

107
Fig. 8. Total absorption cross sections for n + 47 Ag as a function

of neutron energy.

4000 . . n + 20983Bi

+ + Experiment
-- LaRC

3000

++

"_ 2000
re.

1000
+

+

0 ........ , . , ...... I

lO 1oo 10'ooio ooo
Energy (A MeV)

Fig. I I. Total absorption cross sections for n+_°gBi as a function

of neutron energy.
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4000

3000

.o

2ooo

1000

n + 23892U

+ * Experiment
-- LaRC

10 100 1000 10 000

Energy (A MeV)

Fig. 12. Total absorption cross sections for n + _2 U as a function

of neutron energy.

Note added in proof

There is an error in Eq. (12) of paper I (Ref. [4]). A

pair of parentheses is missing. The correct equation should

read as follows:

D=2.77-8.0× 10 _A r+ 1.8× 10 5A_-

- 0.8/( I + exp((250 - E)/75)). (12)

Acknowledgements

One of the authors (RKT) acknowledges NASA Lang-

ley Research Center for the support.

References

tures at lower energies, in general LaRC gives better

results than NRL model at lower energies.

Clearly present model (LaRC) improves on earlier

models and gives accurate results to much lower energies,

and is a welcome improvement for the transport model

data base. Neutrons are the dominant component of the

radiation environment for the High Speed Civil Transport

(HSCT) mission where the data base proposed here is of

immense ih_portance.

We have successfully presented simple accurate and

unified model for the total absorption cross sections for

any systetn of charged and/or uncharged collision systems

valid for the entire energy range, which are important

ingredients for several data bases including transport. The

model will also be useful where analytical fornls of the

cross sections are needed.

In view of its utility the computer program calculating

the comprehensive accurate absorption cross sections of

paper I and present paper will be placed in the COSMIC

program library for the public use.

[1] J.W. Wilson et al., NASA R.P.- 1257 (Dcccmbcr 1991).

[2] K.Z. Morgan and J.E. Turner, Principles of Radiation Protec-

tion (Wiley, New York, 1967).

[3] M. Eiscnbud, Environmental Radioactivity, 2nd Ed.

(Academic Press, New York, 1973).

[4] R,K. Tripathi, F.A. Cncmotta, J.W. Wilson, Nucl. Instr. and

Meth. B 117 (1966) 347.

[5] R.K. Tripathi, F.A. Cucinona and J.W. Wilson, NASA TP

3621 (1997).

[6] J.W. Wilson, L.W. Townsend, W.W Buck, S.Y. Chun, B.S.

Hong and S.L. Lamkin, NASA TM 4053 (1988).

[7] J.R. Lclaw, R. Silbcrbcrg, C.H. Tsao, Astroph3.s.J. Suppl 51

(1983) 271.

[g] H.L. Bradt. B. Peters, Ph,vs. Re,,'. 77 (1977) 54.

[9] H. DeVrics, C.W. DcJagcr, C. DcVrics, Atom. Data Nucl.
Data Tabl. 36 (1987) 495.

[10] W. Schimmcrling, T.J. Dcvlin, W.W. Johnson, K.G. Vos-

bt, rg, R.E. Mischka, Phys. Rcv. 7 (1973) 248.

[11} V. McLanc, C.I,. Dunford and P.F. Rose, Neutron Cross

Sections, Vol. 2 (Academic Press, New York, 1988),

[12] D.J. Hughes and R.B. Sch,.,,artz, Neutron Cross Seclions,
BNL-325, 2nd Ed. (Brookhavcn National Lab., 1958).



",,_.



BEAM INTERACTIONS WITH MATERIALS AND ATOMS

Nuclear Instruments and Methods in Physics Research - Section B

Instructions to Authors

Submission of papers

Contributions should be submitted to one of the Editors (see inside

front cover). It is suggested that manuscripts originating from

Europe, India, The Middle East and Africa be sent to Prof. H.H.

Andersen, and from The Americas, The Far East and Australasia,

to Dr. L.E. Rehn.

Manuscript and figures should be submitted in duplicate, with one

set of good quality figure material for production of the printed

figures. If possible, please submit also an electronic version of

your contribution on diskette.
Short contributions of less than 1500 words and not subdivided

into sections may be published as Lette_ to the Editor in a shorter

time than regular articles as the proofs will normally be corrected

by the Publisher.

Submission of a manuscript implies that it is not being considered

for publication elsewhere and that the authors have obtained the

necessary authority for publication.

Manuscript preparation

Manuscripts should be written in good English. They should be

typed throughout with double line spacing and wide margins on

numbered, single column pages. See notes opposite on electronic

manuscripts.

Structure. Please adhere to the following order of presentation:

article title, author(s), affiliations, abstract, PACS codes and

keywords, main text, acknowledgements, appendices, references,

figure captions, tables.

Corresponding author. The name, full postal address, telephone
and fax numbers and e-mail address of the corresponding author

should be given on the first page.

Classification codes/kevwords. Please supply one to four classi-

fication codes (PACS and/or MSC), and up to six keywords of

your own choice that describe the content of your article in more
detail.

References to olher publications should be numbered consecu-

tively within square brackets and listed together at the end of the

text. In the case of multiple authorship all authors should be listed

in the references; only in case of more than ten authors is the first

author et al. acceptable.

Illustrations

The Publisher requires a set of good quality drawings and original

photographs to produce the printed figures.

Line drawings should be 1.5-3 times larger than the printed size;

the height of letters and numbers should, after reduction, fall

within the range 1.2-2.4 mm. Do not use too narrow pen widths

for machine-plotted graphs. Shaded areas should be shown by

means of cross-hatching or a matrix of dots, rather than a

continuous grey wash.

Photographs should not already be ,screened (overprinted with the

point matrix used by printers). The top side of a photograph should

be marked if necessary.

Colour figures can be printed in colour when this is essential to the

presentation. Authors will be charged for colour reproduction.
Further information can be obtained from the Publisher.

After acceptance

Notification. You will be notified by the Editor of the acceptance

of your contribution, and invited to send an electronic file of the

accepted version to the Publisher, if this is not yet available. After

acceptance any correspondence should be addressed to the
Publisher at the coordinates below.

Page proofs are sent out to the Author in order to check that no
undetected errors have arisen in the typesetting or file conversion

process. In the proofs only typesetting errors may be corrected. No

changes in, or additions to, the accepted paper will be accepted.

Copyright transfer. In the course of the production process the

authors will be asked to transfer the copyright of the article to the

publisher. This transfer will ensure the widest possible dissemi-

nation of information.

Electronic manuscripts

If possible, an electronic version of the manu_ript should be

submitted on a diskette together with the hard copies of the text

and figures, or should be sent (after acceptance) by e-mail or on a
diskette to the Publisher. It is the responsibility of the Author to

ensure that the electronic version exactly matches the hard copy.

No deviations from the version accepted for publication are

permissible without the prior and explicit approval by the Editor.

Such changes should be clearly indicated on an accompanying

print-out of the file.

LaTeX articles and articles prepared with any of the well known

word processors can be handled by the Publisher. Further

information can be obtained from the Publisher.

Author benefits

No page charges. Publishing in Nuclear Instruments and Methods

in Physics Research - Section B is free.

Free offprints. The corresponding author will receive 50 offprints

free of charge. An offprint order form will be supplied by the

publisher for ordering any additional paid offprints.

Discount. Contributors to Elsevier Science journals are entitled to

a 30% discount on all Elsevier Science books.

Correspondence with the Publisher

After acceptance of an article any correspondence should be

addressed to Elsevier Science B.V., NIM-B, P.O. Box 2759, 1000

CT Amsterdam, The Netherlands

Tel. +31 20 485 2500, fax +31 20 485 2431

e-mail nimb-j@elsevier.nl

North-Holland, an imprint of Elsevier Science





NASA Technical Paper 3621

Universal Parameterization of Absorption
Cross Sections

R. K. Tripathi

Southern Illinois University ,, Carbondale, Illinois

Francis A. Cucinotta and John W. Wilson

Langley Research Center • Hampton, Virginia

National Aeronautics and Space Administration
Langley Research Center • Hampton, Virginia 23681-0001

January 1997



Available electronically at the following URL address:

Printed copies available from the following:

NASA Center for AeroSpace Information

800 Eikridge Landing Road

Linthicum Heights, MD 21090-2934

(301) 621-0390

http://techreports.larc.nasa.gov/itrs/ltrs.html

National Technical Information Service (NTIS)

5285 Port Royal Road

Springfield, VA 22161-2171

(703) 487-4650



Abstract

This paper presents a simple universal parameterization of total reaction cross

sections for any system of colliding nuclei that is valid for the entire energy range

from a few AMeV to a few AGeV. The universal picture presented here treats proton-

nucleus collision as a special case of nucleus-nucleus collision, where the projectile

has charge and mass number of one. The parameters are associated with the physics

of the collision system. In general terms, Coulomb interaction modifies cross sections

at lower energies, and the effects of Pauli blocking are important at higher energies.
The agreement between the calculated and experimental data is better than all earlier

published results.

Introduction

Transportation of energetic ions in bulk matter is of

direct interest in several areas (ref. 1), including shield-
ing against ions originating from either space radiations

or terrestrial accelerators, cosmic ray propagation studies

in a galactic medium, or radiobiological effects resulting
from the workplace or clinical exposures. For carcino-

genesis, terrestrial radiation therapy, and radiobiological

research, knowledge of the beam composition and inter-

actions is necessary to properly evaluate the effects on

human and animal tissues. For proper assessment of radi-

ation exposures, both reliable transport codes and accu-

rate input parameters are needed.

One such important input is the total reaction

(oR) cross section, defined as the total ((IT) minus the
elastic (Cet) cross sections for two colliding ions:

(SR = (ST- (Sel (1)

In view of its importance, the total reaction cross sec-

tion has been extensively studied both theoretically

(refs. 1-14) and experimentally (refs. 15-24) for the past
five decades. A detailed list of references is given in ref-

erences 1, 13, and 16. Empirical prescriptions have been

developed (refs. 2-4, 10, 11, and 13) for the total reaction

cross sections working in various energy ranges and

combination of interacting ions. The present model

works in all energy ranges with uniform accuracy for any

combination of interacting ions, including proton-
nucleus collisions, and is more accurate than earlier

reported empirical models (ref. 10), which were accurate

above 100 AMeV but showed large errors up to 25 per-

cent at lower energies.

Model Description

Most of the empirical models approximate the total
reaction cross section of Bradt-Peters form with

(SR = ltro A +A T -5 (2)

where r 0 is energy-independent, _i is either an energy-

independent or energy-dependent parameter, and Ap and
A T are the projectile and target mass numbers, respec-

tively. This form of parameterization works nicely for

higher energies. However, for lower energies, Coulomb

interaction becomes important and modifies reaction

cross sections significantly. In addition, strong absorp-

tion models suggest energy dependence of the interaction

radius. Incorporating these effects, and other effects dis-

cussed later in the text, we propose the following form
for the reaction cross section:

OR = _ro_Ap +AT +_E 1- B (3)

where r0 = 1.1 fm, and Ecrn is the colliding system center
of mass energy in MeV. The last term in equation (3) is
the Coulomb interaction term, which modifies the cross

section at lower energies and becomes less important as

the energy increases (typically after several tens of

AMeV). In equation (3), B is the energy-dependent Cou-

lomb interaction barrier (factor on right side of eq. (3))

and is given by

1.44ZpZ T
B - (4)

R

where Zp and Z T are the atomic numbers of the projectile
and target, respectively, and R, the distance for evaluat-

ing the Coulomb barrier height, is

1.2(A 1p/3+A 1/3)

R = r e + r T + ElI3 (5)
cr?l

where r i is equivalent sphere radius and is related to the

rrms, i radius by

r i = 1.29rrms, i (6)

with (i = P,T).



The energy dependence in the reaction cross section

at intermediate and higher energies results mainly from
two effects--transparency and Pauli blocking. This

energy dependence is taken into account in 6E, which is
given by

O16S/E_I3 m -_E = 1-85S+ / • ) CE

+ [0.91(A.r-2Zr)Ze/(ArAp) ] (7)

where S is the mass asymmetry term given by

1/3 1/3
Ap A T

S-
All3 .1/3

p +A T (8)

and is related to the volume overlap of the collision sys-

tem. The last term on the right side of equation (7)

accounts for the isotope dependence of the reaction cross

section. The term CE is related to both the transparency
and Pauli blocking and is given by

C E = D[ 1 - exp(-E/40) ]- 0.292exp(-E/792)

× cos(0.229E°'453 / (9)

where the collision kinetic energy E is in units of AMeV.

Here, D is related to the density dependence of the collid-

in_ system, scaled with respect to the density of the 12C
+12C colliding system:

Pae + PaT
D = 1.75 (10)

PAc + PAc

The density of a nucleus is calculated in the hard-

sphere model. Important physics is associated with con-
stant D. In effect, D simulates the modifications of the

reaction cross sections caused by Pauli blocking. The

Pauli blocking effect, which has not been taken into

account in other empirical calculations, is being intro-
duced here for the first time. Introduction of the Pauli

blocking effect helps present a universal picture of the
reaction cross sections.

At lower energies (below several tens of AMeV)

where the overlap of interacting nuclei is small (and
where the Coulomb interaction modifies the reaction

cross sections significantly), the modifications of the

cross sections caused by Pauli blocking are small and

gradually play an increasing role as the energy increases,

which leads to higher densities where Pauli blocking

becomes increasingly important. Interestingly enough,

for the proton-nucleus case, because there is not much

compression effect, a single constant value of D = 2.05

gives very good results for all proton-nucleus collisions.

For alpha-nucleus collisions, where there is a little com-

pression, the best value of D is given by

o: ,0 ,0
- 0.8/{ 1 + exp[(250 - E)/75 ] } (11)

For lithium nuclei, because of the "halos" (ref. 21), com-

pression is less; therefore, the Pauli blocking effect is

less important. A reduced value of D/3 gives better
results for the reaction cross sections at the intermediate

and higher energies.

There are no adjustable parameters in the model

except that, for proton-nucleus collisions, this method of

calculating the Coulomb interaction barrier underesti-

mates its value for the very light closed-shell nuclei of

alpha and carbon, which are very tightly bound and,

therefore, compact. Consequently, for these two cases,

the Coulomb barrier should be increased by a factor of 27

and 3.5, respectively, for a better fit.

Results and Conclusions

Figures 1-45 show the plots of available results for

proton-nucleus, alpha-nucleus, and nucleus-nucleus col-

lisions. Figures 6 and 18 also show comparisons with

reference 10. The data set used for figures 1-5 was col-

lected from references 15 and 23 and, for figures 6-14,
was obtained from references 16, 17, 22, and 23. Exten-

sive data available for a C + C system (fig. 18) were
taken from references 16, 17, 23, and 24. For the remain-

ing figures, data were collected from the compilation of

data sets from references 9 and 16-20. The agreement
with experiment is excellent and is better than all other

empirical models reported earlier, which is particularly

important in view of the fact that the agreement is excel-

lent throughout the whole energy range--up to a few

AGeV. We notice, again, that at the lower energy end,

the cross sections are modified by the Coulomb interac-

tion, and at the intermediate and high energy end, Pauli

blocking effects become increasingly important. It will

be interesting to see how the model compares with the

new experimental data as and when these become
available.

NASA Langley Research Center
Hampton, VA 23681-0001
December 17, 1996
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Figure 1. Reaction cross sections as a function of energy for p + 9Be collisions.
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